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(54) Transcription factor DP-1 

(57) The invention provides a polynucleotide in sub- 
stantially isolated form which comprises a contiguous 
sequence of nucleotides which is capable of selectively 
hybridizing to Seq. ID No.1 or to be complement of Seg. 
ID No. 1 , and a polypeptide in substantially isolated form 
which comprises: (a) the protein of Seq. ID No. 2; or (b) 



an allelic variant or species homologue thereof; or c) a 
protein at least 70% homologous to (a); or (d) a fragment 
of any one of (a) to (c) capable of forming a complex 
with the E2F-1 protein or related family member; or e) 
a fragment of any one of (a) to (c) of at least 1 5 amono 
acids. 
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' so that gene expression can be *nchJL^S22S^£, b S th6 ,ransc "P«°" a PParatus 

or E2F has been identified and shown to bind™ £22 1 a inscription factor called DRTF1 

anti-oncogene or tumour suppressor S^^SSTSE^ h retinob,as K>™ susceptibly gene, an 
wtfely believed tha, the cellular transection Le o JStoSSSS Ufe — ' 1 "- 190 - " iS 

because it associates with important cell cycle reoulatinc , o T 1 ^P 0 ^ in eel cycle control 
- P107, cyclins and cyc.in-depen^en, kinases and SS5S5JSS2: 'T^™ ^ (P«»). 
oncoproteins, such as adenovirus E1a. SV40 large T »^ «h ^ h P •?. ^ * modu,a,ed b V certain vial 
[0003] (t is believed that the transcription SomFtSS! Pap " ,0ma Virus E7 P ro,ein - 

with the transcription apparatus t^^^^^XS^ 'in m a T f *" in,e9ra,in9 CS " CyC,e e ™ ls 
penodic interactions with molecules that are known to hl Z^ ? , mammalian ce,| s- « undergoes a series of 
« the retinobiastoma tumour suppressor gen" ZXbEZ ? °' P rolifera «°" For examp,e. 

Phase and is frequently modified in tumour cS^S^S^S?. T? p, ° 9reSsion ,rom <* '"to S 
predominan,.y in an S phase complex with DRTFVE2F ST 2S12?S? P*'™^ protein P 107 occurs 
DRTF1/E2F, which is likely to be fundamental tamJfS ™. P T ,h8 Uanscri Pti°nal activrty of 

binding sites (the E2F site) occur in the comro ZZSZ n, L ^T"° ° P roli,eratio " because DRTF1/E2F 
- asc-mycand P 34c* 2 . FuLmo, IJSJJS S 2^^"^^'^ sucn 
DRTF1/E2F, and hence are unable to interfere w ,h E2F SSS22Tta T ^ ^ m to bi " d l ° 
feature of DRTF1/E2F is that certain viral oncoproteins suc^n- ,ransc "P ,,ona ' ac «^tion. Another important 
papi.toma virus E7, modulate its activity by JU2^p5^pS^^ ^ T *^ ^ h ^ 
requires regions in these viral proteins that are necessarian Jnrrll! , transcri P ,io " < a <*>r. This effect 

come growth control. Thus, the ability of these oTo^l^ ,rans,orma,,on of culture cells and hence to over- 
over-ride the norma, mechanisms o^iT^S^^iT, D ^ FVE2F ™» be tbe by which they 
the basis ol P Rb-mediated negative growth tersely, transcriptional repression by pRb may be 

the DRTF1/E2F complex. Cyclin A is necessary i^SSX^STJT CyC n<,ependen ' P33c*2 in 

medated through its ability to recruit the cydln^epeK^^^ ^oxt 3 ,UnC,i0n 1hat cou,d P erha P s ba 
suggest that DRTF1/E2F is a transcription 'actoT^ose p^an/ roten^! t t 1/E2F - Taken together these data 

apparatus via molecules such a pRb P 107 !^lI»tri , ^TS e ^Jf* ««» "*V«—cyclB •m.toOwtwwerib.ilan 
integrated with cell cycle progression ' " S enSUnng thal gene ^pression is synchronised and 

Kg (S^SoirS ™ - — -ad and sequenced ( He,in e, a,. 

Sbyt^rndK^ 

2. The sequence of the cDNA eroding this protein t she™ h«J c " P resen,ed ^low as Seq. ID No. 

by us as DP-1 Whi.e no, wishing to be !£5IE£2?. k r° I ^ ^ iS re ' e " ed * 

et a. and Kea.in et al may dimerise with DP-, Evidence presen ed I ,he faCt ° r C '° ned b * Helin 
and ,he protein o, Helin et al (referred to as E2F "ntlma Si! aCCOmpan ^9 exam P'es shows that DP-1 
[0007] I, has also been found that E2F-, I one <^hl£3 , ^ , ' S ,nV °' Ved h ,he re9ula,ion of transcription, 
this ,ami,y are believed ,o in,erac, with VP-^^S^^SS^Si C -P— of 
Brief descriptinn of the drawing s 

rnni 6 4 Sh ° WS 3 corr, P arls °n of DP-1 and E2F-1 

[0012] Figure 5 summarises the constructs userianH me., i... ^k. 

site dependent transcription in vivo " S ° b,a ' ned ,n °*P*<™««s showing DP-1 activates E2F 

[oois, ^.^-.H^^r^fri^-^ 
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[0018] Figure 11 shows DP-1 and E2F-1 activate E2F site-dependent transcription in yeast cells 
[001 9] The present invention thus provides a polynucleotide in substantially isolated form which comprises a con- 
tiguous sequence of nucleotides which is capable of selectively hybridizing to Seq. ID. No 1 or to the complement of 
Seq. ID Nol A polynucleotide of the invention includes a DNA of Seq. ID No. 1. and fragments thereof capable of 
selectively hybridizing to Seq. ID No. 1. A further embodiment of the invention provides a DNA coding for the protein 
of Seq. ID No. 2 or a fragment thereof. 

[0020] The polynucleotide may also comprise RNA. It may also be a polynucleotide which includes within it synthetic 
or mod.f.ed nucleotides. A number of different types of modification to oligonucleotides are known in the art These 
include methylphosphonate and phosphorothioate backbones, addition of acridine or polylysine chains at the 3' and/ 
or 5 ends of the molecule. For the purposes of the present invention, it is to be understood that the oligonucleotides 
described herein may be modified by any method available in the art. Such modifications may be carried out in order 
to enhance the jn vivo activity or lifespan of oligonucleotides of the invention used in methods of therapy. 
[0021] A polynucleotide capable of selectively hybridizing to the DNA of Seq. ID No. 1 will be generally at least 70% 
preferably at least 80 or 90% and more preferably at least 95% homologous to the DNA of Seq. ID No. 1 over a region 
of a least 20, preferably at least 30, for instance at least 40, 60 or 100 or more contiguous nucleotides Such a poly- 
nucleotida will be relerred to below as a polynucleotide according to the invention 

[0022] A polynucleotide of the invention will be in substantially isolated torm if it is in a lorm in which it is free of other 
polynucleotides with which it may be associated in the natural environment of the body. It will be understood that the 
polynucleotide may be mixed with carriers or diluents which will not interfere with the intended purpose of the polvnu- 
cleolide and still be regarded as substantially isolated. 

[0023] A polynucleotide according to the invention may be used to produce a primer, e.g. a PCR primer a probe e 
g. labelled with a revealing label by conventional means using radioactive or nonradioactive labels, or the polynucleotide 
may be cloned into a vector. Such primers, probes and other fragments of the DNA of Seq. ID No 1 will be at least 
1 5, preferably at least 20, for example at least 25, 30 or 40 nucleotides in length, and are also encompassed by the 
2* term a polynucleotide according to the invention" as used herein. 

t0 °i 41 . A i P° | y nucleo,id9 such as a DN A polynucleotide according to the invention may be produced recombinants 
SscSherein *"* mea " S awaibb,e * °* Sk "' " bS a ' S ° C '° ned by re1erence to »• techniques 

[0025] The invention further provides a double stranded polynucleotide comprising a polynucleotide according to the 
jo invention and its complement. 

[0026] A further embodiment of the invention provides vectors for the replication and expression of a polynucleotide 
in particular a DNA or RNA polynucleotide, according to the invention. The vectors may be. tor example, plasmid virus 
orphagevectorsprovidedwith an origin of replication, optionally a promoter for the expression of thesaid polynucleotide 
and optionally a regulator of the promoter. The vector may contain one or more selectable marker genes, for example 
an amp.c.llin resistance gene in the case of a bacterial plasmid or a neomycin resistance gene for a mammalian vector. 
The vector may be used invitro, for example for the production of RNA or used to transfect or transform a host cell 
The vector may also be adapted to be used in vivo, for example in a method of gene therapy. 

[0027] A further embodiment of the invention provides host cells translormed or transfected with the vectors for the 
replication and expression of a polynucleotide according to the invention, including the DNA Seq ID No 1 or the open 
reading frame thereof The cells will be chosen to be compatible with the vector and may for example be bacterial 
yeast, insect or mammalian. 

[0028] A polynucleotide according to the invention may also be inserted into the vectors described above in an 
an .sense orientation on order to provide for the production of antisense RNA. Antisense RNA or other antisense 
polynucleotides may also be produced by synthetic means. Such antisense polynucleotides may be used in a method 
of con rolling the levels of the protein of Seq. ID No. 2 in a cell. Such a method will include the step of introducing into 
the cell the antisense polynucleotide in an amount effective to inhibit or reduce the level of translation of the DP-1 
mRNA into protein. The cell may be a cell which is proliferating in an uncontrolled manner such as a tumour cell 
[0029] The mvention lurther provides a protein of Seq. ID. No. 2, homologues thereof, and fragments of the sequence 
and its homologues, which is capable of functioning as a mammalian transcription factor. In particular, the invention 
provides a polypeptide in substantially isolated form which comprises: 

(a) the protein ol Seq. ID No. 2; or 

(b) an allelic variant or species homologue thereof; or 

(c) a protein at least 70% homologous to (a); or 

(d) a fragment of any one of (a) to (c) capable of forming a complex with the E2F-1 protein or related family member; 

(e) a fragment of any one of (a) to (c) of at least 15 amino acids. 
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53 TSttZXSZttZss^s^T***^ 

polypeptides with which it may be associated i„ !!! , ® d ' 0rm rf " ' S ,n a ,orm ,n ***** H is ,ree °> °'her 
polypeptide may be mixed S^S ilSSSZ^^ J ?' ^ UndefS,00d ^ ,he 
s otide and still be regarded as substantially isolated 6 ' n,ended PUrpose of ,he P^nucle- 

preparation is a polypeptide of the invention % ° f the P o| yPeptide in the 

Similarly, a species homologue of the p^eh wiH be h e^Sf ? " " l ° thS Pr ° ,ei " °' Se « ,D No " 2 - 
including man. and which performs me eSaten func^Z P T f °° CUr8 na,Ura " y in ano,her s P ecies - 
anima.s. With*, anv one ^ mal Speaes ,0 ,he DP " 1 P'<* a *« °' Seq. ID No. 2 in murine 

homologues of the Seq. It? No 2 l^n^Z^Z^^J T >C a " d these wi " a " be considered 
- P-eduresdescribedhere^ 

suitable cell source, eg from a rodent carrvino an „! TL P ert <>rming such procedures on a 

evolutionary conserved it Z,tt Zba 2 £ nil ! IT ?' SpedeS - Since the P rotein a PP ea 's to be 
rodent or other cells in otfe? o Txa^S^er^Z r^ZT 601 ' 69 ? *" X ° pr0be ,ibraries mada «™ 

by conventiona. techniques to Ma^^e!,!^ ^ Cl0nes Can be ^aniputeted 

» synthetic techniques known p^r se PrefeS soecfef ho^, 7 " b ° Pr0dUCed by «««*lnant or 

logues. P Preferred spec.es homologues .nclude mammalian or amphibian species homo- 

K^-TT £XSZS^^ 2? fpfAT be pre, r y at ,eas * 80 or « - — 

for instance at least 40 60 or iZrZ! * 2 ° V6r 3 re9,on of at leasl 20 - Preferably at least 30 

« Known in the ar, JS?^ ^undersZ byTorcrsSr^hTT * m6aSUrin9 " We » 

onthe baf c amino acid identity (sometime^e^^^^^ W " 

60 amino acids in length ' pre,erab, y at leas « 15 - «* example at least 20. 25. 30. 40. 50 or 

30 Kpiss Katm^:^ ! c r ex wi,h ,he e2f - 1 — » — - 

transcription factor, and Le^g ^Torn^^^L. T '[ ° PO nor ™'* a trans-activating 
atp^=~ 

whether the polypeptide .ragmen, his the neceS" aclT " F ' 9Ufe 1 ° SUCh an ° XP *"™<* wi » de,e ™" a 
faric^lo^^ 

and linkers such as biotin I Labeled oolvoinHri« ? ? ?' S ' nC,Ude rad,0,so, opee. e.g. enzymeSi antibodjes 
SETT I" ,0 S 25 — f " dia ^ P— as im- 

KLd'ed^N^ 
Thevectormaybeusedto^ 

which is capable of prov Sing or he eX pret U " * ^ " ,inked ,0 3 COn,ro ' se " u — 

refers to a juxtaposition wherl Te comoonLnt. h TO* ^ Ce " The term "°P erab, y 

intended manned A co^^^^Z^^^ " them «° ^ j " ^ 

of the coding sequence is acSeo u X™h? 9 Sequen . ce ,s J , 9 a,ed ir » *uch a way that expression 

transformed intol suitabte hos ceTas ZcZT^T , T ** CO " ,fo « Such vectors may be 
[0041] Thus, inafunheraspectthefnvfnu^n JT Pf ° V *" expression <* a Polypeptide of the invention. 
whKhcomprisescuIti^^^^ 

conditions to provide for expres^on bv he S °1 * ™ ex P ression vec, °^s described above under 

expressed polypeptide. 3 COC " n9 sec < uence encodi "9 the polypeptide, and recovering the 
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[0042] The invention also provides monoclonal or polyclonal antibodies to a polypeptide according to the invention. 
The invention further provides a process for the production of monoclonal or polyclonal antibodies to the protein of 
Seq. ID No. 2 or to a polypeptide of the invention. Monoclonal antibodies may be prepared by conventional hybridoma 
technology using the proteins or peptide fragments thereof, as an immunogen. Polyclonal antibodies may also be 
prepared by conventional means which comprise inoculating a host animal, lor example a rat or a rabbit, with a peptide 
of the invention and recovering immune serum. 

[0043] Fragments of monoclonal antibodies according to the invention which retain their antigen binding activity, 
such Fv, F(ab') and p(ab 2 )* fragments form a further aspect of the invention, in addition, monoclonal antibodies accord- 
ing to the invention may be analyzed (eg. by DNA sequence analysis of the genes expressing such antibodies) and 
humanized antibody with complementarity determining regions of an antibody according to the invention may be made, 
for example in accordance with the methods disclosed in EP-A-0239400 (Winter). 
[0044] The present invention also provides compositions comprising a polypeptide of the invention together with a 
carrier or diluent. Such compositions include pharmaceutical compositions in which case the carrier or diluent will be 
pharmaceutically acceptable. 

75 [0045] The present invention further provides compositions comprising an antibody or fragment thereof of the inven- 
tion together with a carrier or diluent. Such compositions include pharmaceutical compositions in which case the carrier 
or diluent will be pharmaceutically acceptable. 

[0046] Pharmaceutically acceptable carriers or diluents include those used in formulations suitable for oral, rectal, 
nasal, topical (including buccal and sublingual), vaginal or parenteral (including subcutaneous, intramuscular, intrave- 
nous, intradermal, intrathecal and epidural) administration. The formulations may conveniently be presented in unit 
dosage form and may be prepared by any of the methods well known in the art of-pharmacy. Such methods include 
the step of bringing into association the active ingredient with the carrier which constitutes one or more accessory 
ingredients. In general the formulations are prepared by uniformly and intimately bringing into association the active 
ingredient with liquid carriers or finely divided solid carriers or both, and then, if necessary, shaping the product. 
[0047] For example, formulations suitable for parenteral administration include aqueous and non-aqueous sterile 
injection solutions which may contain anti-oxidants, buffers, bacteriostats and solutes which render the formulation 
isotonic with the blood of the intended recipient; and aqueous and non-aqueous sterile suspensions which may include 
suspending agents and thickening agents, and liposomes or other microparticulate systems which are designed to 
target the polypeptide to blood components or one or more organs. 
30 [0048] Peptides according to the invention, antibodies or fragments thereof to peptides according to the invention 
and the above-mentioned compositions may be used for the treatment, regulation or diagnosis of conditions, including 
proliferative diseases, in a mammal including man. Such conditions include those associated with abnormal (eg at an 
unusually high or low level) and/or aberrant (eg due to a mutation in the gene sequence) expression of one or more 
transcription factors such as the E2F factor cloned by Helin etal or the protein of Seq. ID No. 2 or the E2F-1 protein 
35 or related family members. The conditions also include those which are brought about by abnormal expression of a 
gene whose gene product is regulated by the protein of Seq. ID No. 2. Treatment or regulation of conditions with the 
above-mentioned peptides, antibodies., fragments thereof and compositions will usually involve administering to a re- 
cipient in need of such treatment an effective amount of a polypeptide, antibody, fragment thereof or composition. 
[0049] One group of preferred polypeptides according to the invention are those which are based upon the region 
40 of amino acids 160-220 of Seq. ID No. 2. This region of the protein has a homology of about 40% to a similar region 
of the E2F-1 protein described by Helin et a] (ibid) and both regions are putative alpha-helical regions. While not wishing 
to be bound by any one particular theory, we believe that the heterodimerisation of E2F and the protein according to 
the invention is mediated through these homologous regions. Accordingly, a preferred embodiment of the invention is 
to polypeptides of the invention based upon this region, and pharmaceutical compositions containing such polypep- 
tides, for use in a method of inhibiting the activation of transcription factors via the disruption of the formation of the 
E2F-1-Seq. ID. No. 2 protein complex. 
[0050] The invention also provides antibodies, and fragments thereof, targeted to this region of Seq. ID No. 2 in order 
to achieve the above described effect. 

[0051] The present invention further provides an immunoassay for detecting the presence or absence of a polypep- 
so tide of the invention in a sample which comprises: 

(a) providing an antibody according to the invention; 

(b) incubating the sample with said antibody under conditions that allow for the formation of an antibody-antigen 
complex; and 

55 (c) detecting said antibody -antigen complex. 

[0052] In another aspect, the invention provides a novel assay for identifying putative chemotherapeutic agents for 
the treatment of proliferative or viral disease which comprises bringing into contact E2F-1 protein or a derivative thereof 
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E2F-1 sZT^T^ ( * mr T Mmn ^ Mi ^ a ° d ™ a *™9 < he of inhibition of for- 



(i) a polypeptide according to the invention 
(ii) 



(a) the E2F-1 protein, or 

(b) an allelic variant or species homologue thereof, or 

!d! ^!„ 2 l 1 n! a T!^T! nb ! r haVi " 9 31 ' eaS ' 70% h0m0l °9y over ,he DNA binding region, or 

(d) a fragment of (a), (b) or (c) capabie of forming a f unctiona. trans-activation cJpiex'with the pro tein of Seq. 

(e) a fusion protein comprising (a), (b), (c), or (d); and 
(iii) a putative chemotherapeutic agent; 

under conditions in which the components (i) and (»i) in the absence of (iii) form a complex, and 
(B) measuring the extent to which component (iii) is able to disrupt said comole* in th« o 

I£ !° S4 L ThS complex of (') (») ma Y °° measured, for example, by its ability to bind an E2F niMA , • 

Sng^^^ 

S. Cand ' da,e ' heraPeU,fc 39en,S *"* ^ bS * « he assay'incude fragZts onot mo^e amino 

(a) the protein of Seq. ID No. 2 

(b) an allelic variant or species homologue thereof; or 

(c) a protein at least 70% homologous to (a). 

retroviruses for the transformation of h^ot rtm o . <is«n) 88, 8039) report the use of amphotrophic 

Q . . * ' ne iransior mat'on of hepatoma, breast, colon or sk n cells. Culver et al (Science f 1 qqp^ p^r i 
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EXAMPLES 
5 Section A 

Affinity purification of DRTF1/E2F from F9 EC cells 

[0060] Polypeptides in affinity purified DRTF1/E2F (approximately 5\ig from about 5x1 0 10 F9 EC cells) were sepa- 
10 rated by SDS gel electrophoresis and stained with coomassie blue as shown in Figure 1 (track 2); track 1 shows the 
molecular weight standards. DNA binding polypeptides in affinity purified DRTF1/E2F were assayed by cross-linking 
to the adenovirus E2A promoter distal E2A site (binding site details indicated in the figure) either in the absence (track 
4) or presence of competing wild-type (track 5) or mutant (track 6) E2F binding sites; molecular weight standards are 
shown in track 3. The p46 polypeptide is indicated; the upper bracket shows another group of polypeptides which also 
15 specifically bind to the E2F site of approximate molecular weight 55,000. 

Methods: DRTF1/E2F was affinity purified from whole cell extracts prepared from F9 EC cells as described by Shivji 
and La Thangue (1991) Mol. Cell. Biol. T1, 1686-1695 using affinity matrices containing the wildtype E2F site taken 
from the adenovirus E2A promoter (-71 to -50) with inclusion of an additional step that involved application of the 
binding activity to a matrix containing a mutant E2F binding site (mutated in nucleotides -62 to -60). On average about 
20 5.0u.g of protein were purified from a whole cell extract prepared from about 10 10 F9 EC cells. UV-crosslinking of 
DRTF1/E2F to the E2F site was performed using about 50ng of affinity purified protein. Competition was performed 
with about 100-fold molar excess of either the wildtype (-71 to -50) or mutant (mutated in nucleotides -62 to -60) 
oligonucleotides. 

2S Nucleotide sequence of a cDNA encoding murine DP-1 

[0061] Affinity purified DRTF1 was precipitated with TCA, electrophoresed through an SDS polyacrylamide gel and 
p46 was electroeluted; the purity ol p46 was confirmed by electrophoresis and silver staining a small sample of the 
eluted material. p46 was digested with a lysylendopeptidase, and peptides purified by high performance liquid chro- 
30 matography using Aquapore AX-300 and RP-300 in series in 0.1% TFA with a 1%/min acetonitrile gradient. Peak 
fractions were sequenced by automated Edman degradation in a 477A/120A gas-liquid pulse sequencer (Applied 
Bbsystems Inc.). 

[0062] A set of degenerate oligonucleotide primers were synthesised on the basis of the amino acid sequence in 
peptides 6 (75 to 91 ) and 5 (235 to 249) as follows: the C-terminal regions of peptide 6 (PNTHFV), 5' CGCGG ATCCCC 

35 (ACGT)AA(CT)AC(ACGT)CA(CT)TT(CT)GT 3' and peptide 5 (AQESQN), antisense strand 5'CGCGGATCCA(AG) 
(AG)TT(CT)TG(ACGT)(CO)(AT)-(CT)TC(CT)TG(ACGT)GC 3; both oligonucleotides included a linker sequence at the 
5'end. Peptide 5 antisense oligonucleotide was used to synthesise cDNA from F9 EC cell RNA which was then used 
in a PCR with both peptide 6 and 5 primers. Products were subcloned, sequenced and cDNAs derived from DP-1 RNA 
-identified by the presence of peptides 21 and 3, two further peptides obtained by microsequencing peptides derived 

40 from p46, which are located between peptides 6 and 5. This cDNA fragment was used to screen several murine cDNA 
libraries. DP-1 cDNA clones were frequently rearranged and the final nucleotide sequence shown in the figure was 
obtained from cDNAs isolated from an F9 EC cell library. 

DP-1 is a DNA binding polypeptide in DRTF1/E2F and associates with pRb in vivo . 



[0063] Peptide 15 (representing DP-1 amino acid residue 235 to 249) and peptide A (representing DP-1 amino acid 
residue 3 to 15) were coupled to KLH and used to immunise rabbits. The generation of antibodies and immunoblotting 
were performed by standard procedures. In gel retardation assays about 5.0ng of affinity purified DRTF1/E2F or about 
S.O^ig of F9 EC crude cell extract were assayed with either the wildtype E2A promoter (-96 to 68) or an oligonucleotide 
containing E2A promoter sequences -71 to -50 in the presence of about 100-fold molar excess of -62A60 (E2A se- 
quences -71 to -50 mutated in positions -62,-61 and -60 (ref.23). Anti-peptide A orpreimmune sera were added during 
the preincubation period. Immunoprecipitation of pRb from JM whole cell extracts was performed by standard proce- 
dures. The presence of pRb in IF8 immunoprecipitates was confirmed by immunoblotting. The results are shown in 
Figure 2 as follows: 



a) DP-1 is present in affinity pure DRTF1/E2F: immunoblot with affinity purified DRTF1/E2F and anti-peptide 15 
(amino acid residues 235 to 249). Reactivity with p46 and p55 was only present in the immune (I, track 2) but not 
preimmune (PI, track 3) serum. This was specific because it was competitively inhibited by peptide 15 but not an 
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Th. .„p« M pivJ^SSt ESSTZTbSi 2) 0 ', "T ~ " ,acR 31 an "*»» i * A s «>™ 
9 and 10). 9 P P * """" 6 " a '"5 'eaM'on (compare duplicate tracks 7 and 8 Co 

with 1.0%deoxycho. a ,e p5S^ S2i!S^JS^ I? immu ^ reci ^ "ere treated 

lardation as described above DOTtSwESEi 3 '° r DRTF1/E2F activity in a gel re- 
<comparetracl«2to1n^ 

•racks 4 ,o 5. complexUa^ 'T^ ^ "* ^ (C °^ e 
DP-1 is a sequence spe cific DNA binding protein 

352.249-25! Gel retardation ^p22S?£ ^ ^1^ de8C * ed * et al (1991) Nature, 

containing E2A sequences fro^ SS^T^^JS^ T»? "? Pr ° m ° ,er °' ^^leotide 

crossiinking was performed with about Ug ?oSSl!S^ ^ ^ ^ 1 ^ ^ ^ UV ' 

a^^ *^ -tains DP-1 protein sequence from 

DP-1— and track 8i me stan^Te^ TfaCk 1 ^wstheaffinity purified 

b) DP-1 binds to the E2F binding site: affinity purified GST-DP-l**-** ,=,hn,.t 1 n..„. 
^ e, GST -cdk2 ( abou, «^ 

£S£Ei£^£ T^ZIT^T TO or GST - Cdk2 (lrack 3 > was - 

by SDS ge, electrophoresis; ^2SS^?5S^ !S^^S^ N , ? , ^ "~ 

-n tracK 2 and the molecular weigh, standards are indeed in tract T ° ,US ' 0n P^ 6 '" W3S 3dded 



1 or the control 



affinity pure DRTF1/E2F is S£ b J** of ,he sa ™ ■"—« of 

characteristics of GST-DP-l**-204 an( j D^Filraf™ jaf . ?^ ' S ShOWn ,n ,rack 1 - Note <he binding 

and DRTFl/E2Fare drfforent when assayed together (compare tracks 2. 3 and 5) 

Comparison of DP-1 nn rt poc.i 



[0065] This is shown in Figure 4 as follows. 
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a) Line diagram of DP-1 and E2F-1 showing the location of the DNA binding domains (amino acid residues 84 to 
204 in DP-1 , and 89 to 191 in E2F-1 ; see ref.24) and a region of significant similarity (amino acid residues 163 to 
236 in DAP-1, and 162 to 226 in E2F-1). Note that the region of similarity includes sequences outside the DNA 
binding domain. 

5 

b) Alignment of amino acid sequence: comparison of DP-1 (top) and E2F-1 (bottom) sequence in regions of sim- 
ilarity. Bars indicate identical (bold) or similar (light) amino acid residues. 

c) The DP-1 and E2F-1 regions of similarity form an amphipathic a helix. Presentation of DP-1 (right; amino acids 
10 167 to 183) and E2F-1 (left; amino acids 166 to 182) regions of similarity as a helical wheel. 

DP-1 activates E2F site-dependent transcription in vivo. 

[0066] Either 2.0 or 6.0u,g of pG4, or 2.8 or 8.8ng of pG-B9 (DP-1 expression vector) were co-transfected with either 
is p3xWT (5.0ng), p3xMT (5.0u.g) or pCMVcat(0.5u.g) into SAOS-2 cells as indicated in Figure 5 (constructs indicated in a). 
p3xWT and p3xMT reporter constructs contain either three wildtype or three mutant E2F binding sites, taken 1rom the 
adenovirus E2A promoter (-71 to -50, mutated at nucleotides -62,-61 and -60), positioned upstream of the minimal 
herpes simplex virus thymidine kinase promoter, and have been described previously. pCMVcat contains the enhancer 
and promoter region (-301 to +72) taken from the immediate early gene of human cytomegalovirus. pG-B9 contains 
20 DP-1 protein sequence from amino acid residue 63 to 429, and was prepared by replacing the Gal4 DNA binding 
domain in pG4mpolyll with the DP-1 cDNA B9. Transfection into SAOS-2 cells was performed, and CAT activity was 
determined and TLC plates quantitated by phosphorimager. 

Isolation of a cDNA encoding DP-1 

25 

[0067] DRTF1 was purified from F9 EC whole cell extracts using a high stringency procedure that involved sequential 
applications to a DNA binding site affinity matrix containing either a wild-type or mutant binding site, and assaying the 
DNA binding activity by gel retardation (26). The DNA binding site was taken from the adenovirus E2A promoter (-71 
to -51 ), a region that contains a high affinity E2F binding site (23). This procedure routinely purified a group of polypep- 

30 tides (Figure 1, track 2) that were capable of efficiently activating transcription in vitro in a binding site-dependent 
fashion. Several polypeptides in the affinity purified material specifically bound to the wildtype but not to the mutant 
E2F site (Figure 1 , compare tracks 5 to 6). The most abundant polypeptide that specifically bound had an apparent 
molecular weight of about 46kD (Figure 1 , track 2, indicated as p46). Subsequently, p46 was excised, digested with a 
lysylendopeptidase, and the resulting peptides purified and sequenced; the amino acid sequence for ten peptides was 

3$ obtained. We predicted the DNA sequences that encode two of the peptides and then used these as oligonucleotide 
primers to amplify a cDNA fragment derived from F9 EC RNA. Several murine cDN A libraries were screened with the 
cloned cDNA fragment, and a clone representing the complete coding sequence of p46 (from now on referred to as 
DP-1) finally isolated from an F9 EC cDNA library. 

40 Molecular properties of DP-1 

[0066] The complete DP-1 coding sequence was determined from a 2.4kb cDNA fragment. This cDNA contained an 
open reading frame encoding 429 in frame-amino acid residues that included eight of the peptides obtained from 
sequencing p46. The cDNA sequence probably includes the initiating methionine because an inframe termination 

45 codon exists immediately upstream of it and, moreover, the nucleotides flanking and including this methionine would 
be an efficient translation initiation signal. The longest cDNA clone isolated so far extends 55 nucleotides 5* from this 
predicted initiating methionine. However, it does not extend to the transcription initiation site because primer extension 
analysis with F9 EC cell RNA has indicated that the initiation site is 250 nucleotides upstream. ThecDNA also contains 
about 1 .1 kb of 3'untran slated sequence, part of which is presented. 

so [0069] By northern analysis of poly adenylated F9 EC RNA the size of the DP-1 transcript was estimated to be about 
2.6kb. It was observed that DP-1 RNA is constitutively expressed in many different cell types and when assessed by 
in situ hybridization in a wide range of tissues during murine embryogenesis. During F9 EC cell differentiation, it was 
found that DP-1 RNA is marginally down -regulated as F9 EC stem cells differentiate. Southern analysis indicated that 
DP-1 is encoded by a single gene. 

55 [0070] Homology searches of the currently available protein data bases (Leeds and Swiss) failed to detect any sig- 
nificant similarity between DP-1 and any other protein. However, we noticed that a small region within the DNA binding 
domain of DP-1 has significant similarity to an analogous region in the DNA binding domain of E2F-1 (see later), a 
recently characterised protein that also binds to the E2F site. 
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[0071] T ° confirm that DP-1 is a component of DRTFi/F?F«nri.«,^ • , . 

DNA binding complex, a number of ami- pepfide anfise* we? ^ST™ * * PfeSent in ,he DR TF1/E2F 

(Figure 2). Immunoblotting affinity purified DmSSKSi^S Zrl T TT* ° f ,he DP " 1 pro,ein 

molecular weigh. 46kD and 55kD (Figure 2a tack 2)bTSJ1'H^ ^'f ,W ° 0°^™°* with apparent 
because the reaction was compel lively inhlb ted bv d«££ 5 ^ . I ^ 6 specif,ca,| y cognised by the antiserum 
compare tracks 5 and 6). * P6p, ' de 1 5 but not by » unrela,ed Peptide, peptide 1 (Figure 2a. 

[0072] It was confirmed that DP-1 was part of the DRTF-i/fof nu* k ^ 

another anti-peptide serum (anti-peptide A) had I. gel 7eter<2tl„ i ? COmp,eX by determinin 9 the effect that 
assays because it only reacts wHh the denatured orS^ VSi an,, -P e P ,ide 15 <=°"' d not be used for these 
DRTF1/E2F a super-shift was apparent SSXSl L I an, " peptide A was if1c ^ated with affinity purified 
3). This super-shift was ^^^SS^^^ST ^ ^ 2 and 

peptide 1 (Figure 2b, compare tracks 4 to 5) Since Tthe Sil L v H V Ud ' n9 P6p " de A but not tne unrG ^ 
was specific for the E2F bhding site (Figure 2b compare lack^Tl^^ ^ 96 ' ' e,arda,ion conditions 
DRTF1/E2F DNA binding activity. P 4 '° 6)l ,hese resul,s indica,a that DP-1 is part of the 

rl^a ~ eel, extracts. In F 9 EC cel, extracts DRTF1 

the preimmune serum, caused a supershift anc a ^ncommi.^7 h ' ° ^ addi, '° n °* anti -P*P" d e A, but not 
•racks 2 and 3) which could be compete I by peptide A 72™T^otZZ?TT B ° ^ 2 °' 
were apparent in a wide variety of whole cell extracts ^erSed ffom^ , f ? ^ 8 *° 9 and 10) ' Similar eflecl s 
that DP-1 is a component of the DNA bindino actTvttv DRtS/pop T ,yP6S ° f Ce " S ' includin 9 HeLa ' ™s *"99ests 
which was also characterised in HeLa ce! extracts ' ,ha « was initial* defined in F9 EC cell extracts and 

DP-1 essoclntes with the rctin 0 b. ns t»m, qe no prod..*. 

SreS . DP-1 associates with pRb i^ an im . 

pared from (he human .eukaemic cel. line JM whifh contlThT^^ f ,r ° m ***** ce » extracts P^" 
» munoprecipitation, DRTF1/E2F DNA binlgacfiC £ w^sS^R^ f DRTF1/E2p -P Rb «mpte. After im- 
de.ergent. In these condHions. DRTF 1 /E 2F DNA bindino artivttv ■! pRbb * 1rea,ln 9 *» «™™«e complex with mild 
and no. the control antibody tmn^SS^S^^^l^T? "* hBm ,he PRb immu "°P^ipi.a.e, 
associated DRTF1/E2F was confirmed by T 3 * ThS Pr6Sence °» DP ' 1 in " Rb " 

to supershift (Figure 2d, compare tracks 6 and ^ 8 ind!c2ed ov *> Tnt 1 a " ,, - pep " de A wh «" caused DRTF1/E2F 
vivo. ° ana a, indicated by > This demonstrates that DP-i associates with pRbjn 

DP-1 specific,^ "fnds to en E2F srte nnd h aa . novel ^-.^ 
[0075] In order to determine whether DP-1 could bind to the f?f , n * 

1 coding sequence were expressed as gJulathtenSs^?L?fV<?Tw a sec ' lJenc ^Pecific fashion, regions of DP- 
DNA binding activity. The smallest regfon so KiSJT5£S2£T T"™' My PUrified ' and ,es,ed ,or 
quence from amino acid residue 84 to 204^™ i^CT D^a^^'^ Contains DP * P<«™ «e- 
whereas an unrelated GST fusion (GST-cdk2 te i« HoS2 Uf ZT^ ^ *° ' he adenovir ^ E2A promoter 
DNA binding activity was specific for the S^SS^^^J^Tr^ ,racks 2 and 3 >- Furthermore, the 
to the mutant E2F site (Figure 3b, compare tracks 5^8^^ ^ m ° re ef,icien «y to the wildtype than 
in whole cel. extracts an? P 46 in 2^ "pS ^D^i/KP rnf 

activity (Figure 3b, compare tracks 6 to 9) AnanU^STsarLol^r k US '° n pf ° tein lacked an y DNA bind i"9 
the presence of GST-DP- 184-204 in tfi DNA tod2™Z m ° b " i,y °' the DP-'^NAcomplex. confimiing 

w«h P 46 in that it could be specifi c£«£ES2 toTeS ITTrsf 87 - 0 ' 3 - 184 " 204 Shaf6d a "° lher ^ 

K3 — -us, this regie o, 

■n all probabitity, defines the DNA binding doma^ O^lTj^JZT™ ^cognition and therefore, 

so far identified, and thus represents a new Cass of DNA bll. ^1 1 * ^ °' DNA bindin 9 s,ruc,ufa 
160 to 200) ,ha, has significant simiiarity to TZ£f££ ZTZtTelLTl '* 9 ™ ^ ^ 3Cid rasidue 
where 42% o. .he amino acid residues are idenS and ^' n9 d0main ° f B2F '' < Fi 9 ure *»>■ 

P-Cions sugges, that these reg^s include ^ ^To^ = 
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wheel in Figure 4c). Since DP-1 and E2F-1 bind to the same DNA sequence, this region of similarity appears to be 
involved in recognising the DNA sequence that constitutes an E2F binding site. 

[0077] The potential similarity of two other DNA binding proteins that regulate transcription during the yeast cell cycle 
supports this finding. Thus, the budding and fission yeast cell cycle-regulating proteins, encoded by SWI4 and cdcIO, 
s bind to a DNA sequence that resembles the E2F site, and contain a region within their DNA binding domains that has 
features in common with the DP-1/E2F-1 a helical region discussed above (Figure 4c). Based on the above, this 
SWI4/cddO protein domain may also be involved in DNA sequence recognition. 

[0078] Another region of similarity between DP-1 and E2F-1 is apparent outside the DNA binding domain (DP-1 
amino acid residue 210 to 240, with 41% identical amino acid residues; Figure 4b) which, like the earlier region, may 

10 form an amphipathic a helix. This region may contribute to DNA binding activity. 

[0079] DP-I* 4 ' 204 may alsocontain a protein dimerisation interface because the addition of GST-DP- 1 8 * 204 to affinity 
purified DRTF1/E2F resulted in a slower migrating protein-DNA complex relative to either GST-DP- 1 84-204 or affinity 
purified DRTF1 alone, whereas a control GST-fusion protein had little effect (Figure 3d). The slower migrating complex 
is likely to result from the interaction of GST-DP-1 84 204 with another protein in affinity purified DRTF1/E2F through a 

is dimerisation domain contained within DP-1 84 - 204 . The similarity between DP-1 and E2F-1 protein sequences within 
this region suggests that E2F-1 is a strong candidate for such a dimerisation partner. 

DP-1 activates transcription in vivo 

20 [0080] The E2A promoter distal E2F site (-71 to -50) functions as an activating sequence in a variety of cell types, 
such as SAOS-2 and F9 EC cells, when positioned upstream of the minimal herpes simplex virus thymidine kinase 
promoter. To determine if DP-1 can trans activate transcription through the E2F site, the effect of expressing the DP- 
1 coding sequence (amino acid residue 63 to 429) on the transcriptional activity of p3xWT and p3xMT, reporter con- 
structs that are driven by either three wildtype or three mutant E2F binding sites respectively (Figure 5a) was assessed. 

25 in SAOS-2 cells, co-transfection of pG-B9 with p3xWT stimulated the transcriptional activity of p3xWT, whereas there 
was no effect of the plasmid pG4 (Figure 5b). Transcriptional activation by pG-B9 was dependent on wildtype E2F 
sites because the activity of either p3xMT or pCMVcat was not significantly affected in the same transfection conditions 
(Figure 5b and c). This shows that DP-1 specifically activates transcription through a wildtype E2F site. 
[0081] Thus, DP-1 is a sequence specific DNA binding protein that is present in DRTF1/E2F complexes assayed in 

30 extracts prepared from a variety of cell types and tissues. 

[0082] Both pRb and p1 07 bind to DRTF1/E2F in a cell cycle-dependent fashion, an interaction that causes a reduc- 
tion in the transcriptional activity of DRTF1/E2F. These complexes, together with the free transcriptionally active form 
of DRTF1/E2F, can be resolved in extracts from asynchronous cultures;of tissue culture cells. 
[0089] A striking feature of the DP-1 protein is its similar organisation to E2F-1 . a recently described protein which 

35 also has properties similar to DRTF1/E2F. Thus, their DNA binding domains and regions of similarity are located in 
very similar positions (Figure 4a) although the rest of the proteins are very different. It appears that DP-1 and E2F-1 
exist together in an E2F complex because antibodies against E2F-1 supershift complexes which also contain DP-1 . 
This is reminiscent of the situation that exists in other transcription factor activities, tor example AP-1, where very 
different proteins interact through related domains. It is, however, believed that there is more than one partner for DP- 

40 1 because although DP-1 is present in all DRTF1/E2F complexes that form on the E2F binding site, antibody super- 
shift experiments indicate that E2F-1 is not; perhaps other E2F-1-like polypeptides exist together with DP-1 in these 
complexes. 



[0084] Several lines of evidence suggest that the cellular transcription factor DRTF1/E2F plays an important role in 
regulating the cell cycle of mammalian cells. For example, DRTF1/E2F DNA binding activity is periodically induced 
during cell cycle progression, peaking during S phase (Mudryj et al y 1992; Shirodkar et at., 1992), and negatively 
regulated during differentiation (La Thangue & Rigby, 1 987). This binding activity correlates with the transcriptional 
activity of certain genes that are necessary for cellular proliferation, such as DHFR, DNA polymerase a and p34 cdc2 , 
which contain DRTF1/E2F binding sites in their promoters (Blake & Azizkhan, 1989; Means et ai, 1992; Dalton, 1992). 
Furthermore, the retinoblastoma tumour suppressor gene product, which negatively regulates cell cycle progression 
from G1 into S phase and is frequently mutated in tumour cells, binds to DRTF1/E2F (Bandara and La Thangue, 1991 ; 
Chellapan etai, 1991 ). The functional consequence of this interaction is. that pRb prevents DRTF1/E2F from activating 
transcription (Zamanian and La Thangue, 1 992). Several other molecules that are implicated in cell cycle control, such 
as Rb-related p107, cyclins A and E, and p33° dk2 also associate with DRTF1/E2F during cell cycle progression (Bandara 
era/., 1991, 1992; Mudryj era/., 1991; Devoto et ai, 1992; Lees et ai, 1992). Taken together, these observations 
suggest that DRTF1/E2F integrates cell cycle events with the transcription apparalus, ensuring that the cell makes the 
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vrrus E7 regulate .he activity of DRTF1/E2F by sequesTenCrTan hP o,h 96 an, ' 9en 3nd hUman pa P" loma 
a transcriptionally inactive to an active form (ZamanK and ,S* foot' assoc,a,ed P«**»- converting it from 
Thangue, 1993). Because this effect re*2s^ZTesevl a ioTc!L f * H ' ebert " * ' 1 Zamanian a " d La 
cellular immortalization and transformation (Bandana ^nd U ThLiT^oof? PreV '° US,y ShOWn l ° be necessar V 'or 

raSy^^p^ 

contrast, DP-1 was defined as a c^pc>nenTof DWR/KF SnAW^ VT ^ «*>■ 1992 > 

from F9 embryonal carcinoma (EC) stem celfe ^S^S^SSS^ P^g DRTF1 

ent.at.on process (La Thangue and Rigby, 1987 La Thanou« TT iST^L down-regulated during the differ- 

asa iL^£^^^ ^T^TeT^T * »" * 3 -^—specific fashfcn 
domains are not ctosely related toany prev-ousl defined JnaSJ^ T 9 " 1 A ' ,hOU9h the DNA bi " di "9 
.o the DNA binding domains in some yea^Scycle reoulalino ^ nevertheless, distan.fy relate? 

The functional relationship between DP-1 aXTi h « 9 ,ransc »P"on factors (La Thangue and Taylor, 1 993) 
1 and E2F-1 exist as a complex EZ^^^S^JZ?*? Z"™ ^ we sho * '" a « S 

.ha, DP-i andE2F-l bind efficiently and prefeSyas °c^2^Z7n 7*°™' demonstrate 
reg,on of similarity between the two proteins Furthermor! , P f 2F ^ an in,erac «'on which requires the 

suggests tha, DP-1 and E2F-1 intera t syTergS T^T^f^^ — * east ~» s 

.ndicate that DP-1 and E2F-1 can functionally inS lri.hT S,, K e - de P endent transcriptional activation. These data 
in mammalian cells. "tonally .nteract and tha. such an .nteraction is likely to be physiologically relevant 

DP-1 and E2F-1 exist as a complex in HeLa cells. 
[0088] DP-1 is a component of DRTF1/E2F whh-h ie 

regulated DRTFl/E2Fcomplexesandthus feHMv tooeao^J? mUnn6 devel °P™"tally regulated and cell cycle 
Furthermore, DP-1 is the product of a conse^S gene s.nce S nal ^k^"' °1 K DRTF1/E2F DNA binding activates, 
related protein is expressed in amphibians and 0^ 

conserved DNA binding component of DRTF1/E2F SfT whirh 1^ , PP J ?T *° 3 ,requen, and evolutionary 
also interacts in a sequence^specific fashton wft , SSf^m , 8 ,s ° la ed ^^9" «s ability to bind directly to pRb 
contain a small region of similarity tha. ove^^ ' I" 2; Kae,in Both proteins 

binding activity (Girling et al, 1 992). P previously shown to be necessany lor sequence-specific DNA 

[0089] It was assessed whether DP-1 and FPP 1 

specifically recognise each protein. Initially, we determSd^r^ V H °f Ce " eX,r3CtS usin 9 antibodies that 
cell DRTF1/E2F. Thus, as in F9 embryonal c^ino™ u^rl? t retarda,,on whe,her DF "1 « a component of HeLa 
cel. DRTF1/E2F in a specific fashionTnce JT^StSSE T T'- T ^ Kmmm diSfUp,ed HeLa 
gous. but not an undated, peptide (Figure 6a cc^parc traS T ^T bindin9 feaC,ion ,he "ho- 
used to immunoprecipilate DRTF1/E2F from HeU ceTe*?al S 9 6 ,hrOU9n 9) " An,i ' Dp - 1 an,ise """ was 
and then immunobiotted with an anti-E2F-l mo^Sionll SSiJ ha "oprecipitate subsequently being released 
cipitated by anti-DP-i (Figure 6b, compare ,^4 and 71 ^ h" ° R 1 F1/E2F DNA Ending activity immunopre- 
immunoprecipte.es withananti^Fo n^S«S. i^^T ^ ^ P rotein b «= a "se immunob.o.ting the 
tor E2F-1 (Figure 6c. .racK 4, indicated ZeZTsT^TT "*5 *" m ° ,eCU,ar Wei9h ' eX P eC,ed 
s.nce rt was not present when the immunoprecipitat.on Z2 Zh w Wasde P endenl u PO" theanti-DP-1 activity 
(Fi g ure6c.compare,rac k s3and4,.Tnus. D ;Ta^^^ 

DP-1 and E2F-1 interact /„ vitro in a DNA binding heterodimer 

S (^ee D n P am"o^^ls^^^^ DNA binding domains, located in similar positions of each 

aregionotsimilaritythatex^^^ ^-1; Girling e, a/.. , 993), which contain 

win previous studies (Helin et al. 1992 KaeHn T a / 99^ S \ resk,ue249 «" DP-1. Inagreemen, 

to b ind,o,heF2Fsi,„^^^^^ 
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E2F site (which was apparent on increased exposure of Figure 7a, track 6; data not shown). The DNA binding activity 
of DP-1 was somewhat less than that of E2F-1 , the reasons for which are currently unclear. However, when both 
proteins were present in the same binding reaction, increased E2F site DNA binding activity was apparent (Figure 7a, 
compare tracks 2 and 3 with 4, and 6 and 7 with 8). The DNA binding activity was much greater than that expected 
from an additive effect of the two DNA binding activities, indicating that together DP-1 and E2F-1 recognise the E2F 
site synergistically. 

[0091] The presence of both DP-1 and E2F-1 in the DNA binding complex was confirmed using antisera specific for 
either protein. An anti-E2F-1 peptide antiserum supershifted the DNA binding complex (Figure 7a, compare track 8 
with 10), whereas the anti-DP-1 peptide antiserum inhibited the DNA binding activity (Figure 7a, compare track 11 and 
12). However, the effect of the anti-DP-1 antiserum was less dramatic, the reasons for which are unclear, but may be 
related to the availability of the epitope which, for this antibody, is located close to the DNA binding domain of DP-1 
(Girling et al, 1993). 

[0092] This assay was used to determine the regions in DP-1 which are necessary to produce a DNA binding complex 
with E2F-1. Thus, various derivatives of DP-1 were expressed as GST fusion proteins, cleaved with thrombin, and 
then assessed for any interaction with E2F-1 . Since these derivatives of DP-1 were truncated versions of the wild-type 
protein, any of them which was able to interact with E2F-1 to produce functional DNA binding activity should result in 
a smaller and hence faster migrating DNA binding complex. Moreover, il only one faster migrating complex were ap- 
parent, a heterodimer of the two proteins would be the most likely explanation. Indeed, when either DP-1 84-249 or D p- 
1 84-204 were mix *J with E2F-1 (GST-E2F-1 a faster migrating DNA binding complex was formed relative to E2F- 

1 alone (Figure 7b, compare track 1 with 2 and 3) or E2F-1/DP-1 (Figure 7a) indicating that these two derivatives of 
DP-1 were able to interact with E2F-1 and that they were likely to form a heterodimer. Again, the DNA binding activity 
of the E2F-1/DP-1 complex was greater than that for E2F-1 alone (Figure 7b, compare track 1 with 2 and 3) or 
QP.-IS4-249 which had low DNA binding activity in the conditions employed in this assay (data not shown) but never- 
theless can specifically recognise the E2F site (Girling et al., 1 993). The DNA binding activity of the E2F-1/DP- 1^-204 
reaction was less than E2F-1 /DP-1 84-249 indicating that the region of DP-1 between amino acid residue 204 and 249, 
which shows significant similarity to E2F-1 (Girling et al, 1993), also influences DNA binding activity. The synergistic 
DNA binding effects of DP-1 84-249 and DP-1 84-204 were also apparent when the uncleaved GST fusion proteins were 
mixed with E2F-1 although, because of their increased size, a faster migrating DNA binding complex did not occur 
(Figure 7b, compare track 1 with 4 and 5). Further deletion of this region, either from the N-(DP-1 14 6-249) or C-(DP- 
30 1 84-266) terminus yielded derivatives of DP-1 that failed to form a DNA binding complex with E2F-1 either as GST fusion 
proteins (Figure 7b, compare track 1 with 6 and 7) or after cleavage (data not shown), indicating that DP-1 84-204 js the 
minimal region so far defined which is capable of producing a DNA binding complex with E2F-1. 
[0093] Analysis of the DNA binding specificity of the E2F-1/DP- 1 84-249 complex with a panel of binding sites derived 
from the adenovirus E2A promoter distal E2F site (La Thangue et al, 1990; Shivji and La Thangue, 1991) indicated 
that il was very similar to that for E2F-1 alone (Figure 7c, compare tracks 3 through 6 with 8 through 1 1 ) and, furthermore, 
the DRTF1/E2F site DNA binding activity defined in F9 EC cell extracts (Figure 7c, compare tracks 13 through 16). 
[0094] To characterise further the interaction between DP-1 and E2F-1 we employed an assay in which in vitro 
transcribed and translated E2F-1 polypeptide could bind to DP-1 GST fusion proteins. The ability of E2F-1 to interact 
with DP-1 was assessed after collecting the GST-fusion protein with glutathione-agarose beads and subsequently 
releasing the bound E2F-1 polypeptide. Both DP-184-249 and op^ 84*04 COU | d j nte ract with E2F-1 since the amount 
of E2F-1 bound to GST-DP- 184-249 and GST-DP- 1*4-204 was significantly greater than that bound by the GST beads 
alone (Figure 7d, compare track 2 to 3 and 6), consistent with their ability to form a DNA binding heteromer (Figure 
7b). DP-1 146-249 also bound to E2F-1 whereas DP- 1 8 * ^failed to do so (Figure 7d compare tracks 2 to 4 and 5). DP- 
1 146 ' 249 therefore contains a domain, which based on the earlier results is likely to be a dimerization domain, that allows 
« it to interact with E2F-1 but lacks sufficient amino acid sequence for the heteromer to bind to DNA. The additional 
information in DP-184-249 is necessary for the complex to bind to DNA. These data therefore suggest that the region 
of DP-1 which is similar to E2F-1 (amino acid 163 to 236) contains a dimerization domain, and that additional N-terminal 
sequence is necessary for DNA binding activity. A summary of Ihese data is presented in Figure 7e. 

so DP-1 and E2F-1 interact in yeast cells. 

[0095] To determine if DP-1 and E2F-1 interact directly in vivo we adapted a previously described assay system in 
yeast cells (Fields and Song, 1 989) which utilised expression vectors that synthesise two hybrid proteins, one derived 
from DP-1 and the other from E2F-1. In the first, the DP-1 coding sequence was fused to the DNA binding domain of 
the bacterial LexA protein, to make pLEX.DP-1 and in the second, pGAD.E2F-1 , the E2F-1 coding sequence was fused 
with the acidic transcriptional activation domain (AAD) of the yeast Gal4 protein, pLEXDP-1 failed to activate a reporter 
construct driven by a LexA binding site, whereas a hybrid protein that contained the trans activation domain taken from 
the p53 protein could (Figure 8). However, when pLEX.DP-1 and pGAD. E2F-1 were expressed together, the transcrip- 
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(data not shown). In order to assess S DP 1 ^ ° f an E2F dependent reporter 

>* approaches. an ° E2F 1 f unct '°nally .nteract we therefore had-to take an alternative 

(a) Drosop hila 
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were particuterly appropriate .or this analysis became SSiSST?- ^ ^ Th6Se Ce " S 

assayed by gel retardation (data not shown) In orde .^7^,^ f . rte P NA blnd,n 9 actlvi «V 's very low when 
determined the effects ot each proteinase L2^£^£J22S T^'™ °' ^ and ^ we 
reporter construct driven by three E2F sites (Figure 9a ZanLnitn 2 tk ,ransc "P*™' activity of p3xWT, a 
activate P 3xWT in a dose-dependent fashion E an^c Lom ^ a " 9Ue - ThUS ' E2F1 Was able «° 

(Figure 9b and c, compare ianes 3 and 4) .Tesl Z Z*l SiZKLtT ' ^ '° * SO 

cells (Helin * at, 1992; Kaolin at a/.. 1993- andd^noTsZ^ 2, ^ behave of E2F-1 andDP-1 in mamma.ian 
together much greater E2F site-dependent trantSona ~2 When DP " 1 a ° d E2F ' 1 were ex P^«d 

and c. compare fcnes 1. 3 and 5). Lreov^^ ^ «° eithe ' a '°- (Figure 9b 

1 produced more E2F site-dependent transcript toWFtaSf « ! h b6CaUSe increasi "9 the level of DP- 

expression of an unrooted DNA bJ^SS!SSS£^ 1 ' 5 6) "* SpSCific S ™ 9 co ' 

9b and c, compare lanes 5 and 6 with 7 an! mi^L, , P ' d ' d Pr0dUCe anV si 9" ifi <*"t effects (Figure 
this activation was specific for «h Twi Z£ E2F s U ^S^JSTT? "* p3xMT that 

func,*n,fy interact in E2F ^ pend& ^^ ^ ^ r ^t^^ ~ °" ^ 



(b) F9 EC cell ascay 



the N and C-terminal region. Thus, when DP- 1 73-340 was ESS ^ * am,n0 add Sequence ,romboIh 

s,le<lependent transcriptional activity (Zammanian and ^EZSS ?oS °! ' " hfch C ° ntain high ,eve,s of E2P 
apparent (Fig. 10c, compare tracks "and 2 toTS^ltSSK'JSSi ^ " «** °' p3xVvT was 
for the wild type E2F site because the activityof •SthJZ2JS?JE. " 9Ure); * hiS e,,eC, was s P ecific 

Based on the earlier results, a potential expiation onhTeffec 'J^V^f r P 3 f Tor pCMVca. was no. affected, 
a heteromer that was not capable o. activatino UanlZnZl r W3S ,ha ' 11 se 1 ue stered E2F-1 . to form 

1 was expressed in the presence JbwSS EE^*?£ ,n !* n0 t am ° Unt °' availab,e E2 ^ . When E2F- 
sile-dependent transcriptional activity (Fig 10' 7°7hT "f^ ac,ivi, V and restored E2F 

transcriptional activity is consistent with LTea tha DP 1^*1^ ^ °' E2M to rescua 

comp,ex and is compatible w«h,he idea ,a.anir a ^ 

DP-1 and E2F-1 activate E2F site-dependent transcription yeast cells. 

Ei^^^ ««ney can lunc.ional.y in.erac, in E2F si.e^ependen, 

from the adenovirus E2A promoter weTe £e d n 2S^^2SST? ^ by E2F b Wh » Si,eS ,ake " 
"a) activating transcription about 12-lo.d ^^2^i^^5SST ?T ** C ^ /promo,er < Fi 9 ure 
act.v,ty could be stimulated further upon introduction of the E3P ^ ( ata n °' Shown) This transcriptional 

1 increased the transcriptional activity JSSf^TS liSST" ^ PGAD E2F " 1 - Thu ^ P^AD.E2F- 
expression vector. pLEX.DP-1 had on the L™L„Z ' com P are d to the small effect that the DP-1 

expressed togethe? the activi^ £ ?<Z CyC^^ZT 9 ^ ^ ^ ™* D ^ - a 

CYC1 activity (Figure 5b); theLivfty ofp4xMT cJS Z "«T V USUa " y ^ ab0Ve basal P 4 **T 

pression vector (data no. shown). This snowslha^DP T^ dTl T* by ^ ,he E2F " 1 or Dp -' a *- 

afficient^enpresen,toge, h er.hane,erdoe^ 
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in E2F site-dependent transcriptional activation. 
DP-1 and E2F-1 interact In mammalian cells. 

s [0100] Previous studies have indicated that DP-1 is a universal component of DRTF1/E2F DNA binding activity in 
F9 EC cells because all the DNA binding complexes that occur on the E2F site are disrupted by anti-DP-1 antibodies 
(Girling et aL, 1993). The same situation exists in HeLa cell extracts where all the DRTF1/E2F DNA binding complexes 
are affected by anti-DP-1 antibodies (Figure 6a). Based on these observations: and combined with studies performed 
in other cell types (Bandara et a/., in preparation), we believe that DP-1 is a frequent component of transcription factor 

io DRTF1/E2F 

[0101] In the light of these observations, we were interested to determine if DP-1 can interact with the other E2F site 
DNA binding protein, E2F-1 (Helin et aL, 1992; Kaelin et aL, 1992) and, furthermore, establish whether such an inter- 
action occurs in physiological conditions. Our results indicate that DP-1 and E2F-1 exist as a complex in HeLa cell 
extracts, and thus imply that at least a proportion of the total DRTF1/E2F DNA binding activity is likely to be a hetero- 

75 meric complex involving DP-1 and E2F-1 . It is unclear, at the moment, just how much of the DRTF1/E2F DNA binding 
activity is a complex of DP-1 and E2F-1 because our attempts to use anti-E2F-1 antibodies to affect the DNA binding 
activity in gel retardation assays have been unsuccessful (data not shown). Also, we cannot rule out that other proteins 
bind to DP-1 , in the place of E2F-1 . In fact, this would seem a likely possibility because several polypeptides in affinity 
purified DRTF1/E2F with distinct molecular weights (from 45 to 55,000) are capable of specifically binding to the E2F 

20 site (Shivji and La Thangue, 1 991 ; Girling et ai, 1 993). 

A physical interaction between DP-1 and E2F-1 in vitro and in yeast cells. 

[0102] We established that DP-1 and E2F-1 can directly interact by studying their DNA binding properties in gel 
retardation assays. DP-1 and E2F-1 formed a heteromeric DNA binding complex with exactly the same DNA binding 
specificity as that possessed by DRTF1/E2F in crude cell extracts (La Thangue et aL, 1990). Moreover, it was apparent 
that the DNA binding activity of the heteromer was considerably greater than for E2F-1 or DP-1 alone, suggesting that 
DP-1 and E2F-1 interact synergistically. A molecular analysis of the region in DP-1 which was necessary to form a 
DNA binding complex with E2F-1 indicated that the region of similarity between the two proteins, together with an 
30 additional N-terminal domain, was required. The region of similarity allowed DP-1 and E2F-1 to bind to each other and 
thus is likely to constitute a dimerization domain. 

[01 03] We confirmed these observations in yeast cells using an assay which makes use of the modular organisation 
of transcription factors (Fields and Song, 1989). Thus, DP-1 was fused to the bacterial LexA DNA binding domain and, 
in a separate molecule, E2F-1 to the acidic transcriptional activation domain of the yeast Gal4 protein. In this assay, 
35 a functional activation domain is recruited to the LexAntependent promoter only if there is a physical interaction between 
the two hybrid proteins. When the two hybrid proteins were expressed together there was strong activation of the LexA- 
dependent reporter. Thus, DP-1 and E2F-1 are able to physically interact in yeast cells. Moreover, this result indicates 
that they are able to do so in the absence of DNA binding since the DNA binding specificity was provided by LexA and 
thus took place independently of the E2F binding site. 
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Transcriptional synergy by DP-1 and E2F-1 in vivo. 

[0104] We addressed the functional consequences of the interaction between DP-1 and E2F-1 for E2F site-depend- 
ent transcription in both Drosophila and yeast cells. We took this approach because our attemps to activate transcription 
by introducing wild-type DP-1 into mammalian cells have met with limited success, the reasons for which are unclear 
but may be related to the levels of endogenous DP-1 protein. 

[0105] Both types of assay, whether performed in Drosophila or yeast cells, indicated that DP-1 and E2F-1 interact 
synlergislically in E2F site-dependent transcription since when both proteins were expressed together transcriptional 
activation was more efficient than for either protein alone. A likely explanation for such an effect is that the DNA binding 
activity of the DP-1/E2F-1 heterodimer is more stable than either homodimer and thus transcriptional activalion is more 
efficient. This idea would be entirely consistent with the in vitro DNA binding data presented earlier in this study which 
suggested that DP-1 and E2F-1 interact synergistically. We cannot, however, rule out other potential influences, such 
as activation of a cryptic transcriptional activation domain in the DP-1/E2F-1 heterodimer and, in fact, recent experi- 
ments have suggested that such a possibility is likely to be correct (Zamanian and La Thangue, unpublished data). 
[01 OS] In conclusion, we have demonstrated that DP-1 and E2F-1 interact in transcription factor DRTF1/E2F, to 
produce a. DNA binding complex which is the preferred state over either homodimer. Since E2F-1 can bind to pRb 
(Helin et at.. 1992; Kaelin et aL, 1 992) in such a complex it is likely that E2F-1 will provide an interface recognised by 
pRb, thus enabling the transcriptional activity of this particular E2F site DNA binding activity to be regulated by pRb. 
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It is possible that other molecules heterodimerize with HP 1 in ~i , / 

an .nterface recognised by other proteins ^^^l^^S^^oT^ 
La Thangue. 1993), thus allowing these molecules also to reoulatJ E2F ZS^l J P (Zaman.anand 

therefore that distinct heterodimers recognise thelS^i te with DP f as TnZ ,ransc "P ,l0n We suggest 
s molecules, such as pRb and p1 07 to integrate Sir btol^L^ T L !° m °" com P onent - cabling different 
regulate genes driven by E2F/DRTF1 ^ ,,Vrt,eS Wrth ,he ,ranscri P^n apparatus and hence to 

MATERIALS AND METHODS 
" Preparation of cell extracts, gel retardation and Immunochemical techniques. 

H^ce,^ 

1993), and immunoprecipitation with «£ DP i f rom ZT~ n J p ° rtormed as Piously described (Girling etal., 

immunoprecipitateswere' uJ^^^ZiT^S^ ZS^T ? PrOCedUfeS - The 

DRTF1/E2F by gel retardation and the oreJnro^f eoc f k detergent released material assayed for 

SQ41 (Kae.ineL.. 19^^^^ monodona. antibody 

scribed (Girling etal 1993) Rabbit anti fpf , a „, * P P d * A a " d an,l "P e P tide 18 . have been previously de- 
sents E2F-1 amin ac^leZ SiT ^'T" 1 134) waS raised a 9 ainst a P^e which repre- 
cificity were derived IronZ Tnovfr s E2A EZTTto SIT" IT* * ° NA bindin9 ^ 

TAAATTTGA; 62/60, TAGTTTTCGATAT^AWTTqT S 'JimS^ 38 ' 0 "° WS: WT; TAGTTTTCGCGCT- 
TAAATTTGA. In figure 2a (tracks 1 toT^T° ' 63 ' ^ GTTTTCT CGCTTAAATTTGA; 64. TAGTTTT AGCGCT- 
dista, E2F site in L E2A vZ^^TZ^^ ^oTeT' T *** ^ ^ 

s.tes were used in the gel retardation assays. d 6X0688 of com P eti "9 binding 



Fusion proteins and In vitro translation. 



22!? 99?^, 10 2 0^ c r:,?h^ GST ,USi ° n aS P™*«* -"lb- (GMing 

site taken ,L the ^^^2^^^^^^ ^rdation assays, with thebinding 
further translated using reticulocyte IvsatJ I „ ?i VP E2F J COd,n9 sec » uenc e was transcribed and 
(Figure 2d), GST-DpTS Sin wis S ' S ?S T? ^ S ™ ,hionine *• Nation assay 
ione-agarose (Sigma), and washed repla ad wi£ " % Npi^SI'un^F f Z°' ^ 
denaturation in SDS sample buffer and resolved in a 10% poJ^Ki gel vvas released by 



Yeast assays. 
[0109] 



pLEXDP-1 8 ™!^ 

40 coding sequence in pBTMv 6 01X1 26 ; JL^ .h ' T k ° a ° ,d 59 to ,he C ' terminu s) downstream of the LexA 
downstream of the LexA DNA binJinc \t^JS^ST^ P53C ° din9 SeqU6nCe (,r0m aminoacid 1 "> **) 
Ga14 transcription B^^^^^^ff^ KSETT f f ' Mhh " *° 
PGAD.E2F-1 contains the entire F2F 1 mri,™ J- 7. 768 - 881 ) under the control of yeast ADH1 promoter. 

domain. P 4xWT CYC 1 and P L,S C YcTwem d^e" ETSSSJ. 1 *° ^ °' ,he GaM ac,iva «°" 

« E2F site was taken from the -71 o soLnZ ^T V • pLQA1 78 < Guarente ar * Mason. 1 983). The wild-lype 
nucleotides -62 ,0 -60(La Thangue e^T^^^T?^ mU,an « Si,e was "™«" * 

vectors were transformed intotne yeali Strain CTyTo ^m?t ' To C, '° n aSSay (RgUfe 3) " ,he indicated expression 
texAop-fecZ; which contains an fnLg^ 

taining two colE. operators orTo SSsNe 1 LexTdimeTu , «W con- 

For the yeast E2F site-dependent t Tnsci on S^fSZ « * transcription start site of GALI-lacZ. 

expression vectors. |i- 9 alactosidase activitv ot mid i^IkI ^P^MT CYC1 and was transformed with the indicated 

55 Transfectlon of Drosophila tissue culture cells. 

[0110] Reporter constructs were all derived from dBL cat? anH haw. 
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a complete DP-1 protein, and pG4mpolyll the Ga(4 DNA binding domain (Webster e7 a/., 1989). pE2F-1 has been 
previous described as pCMV RBAP-1 (Kaelin et al . 1 982). Cells were transf ected by the calcium phosphate procedure 
and harvested 40 to 45h later and for each transf ection, pBluescript KS was included to maintain the final DNA con- 
centration constant. All transfections included an internal control pCMV |}-gal. The assay for CAT activity, correction 
5 for transfection efficiency and quantitation of TLC plates have been described previously (Zamanian and La Thangue 
1992). 

Transfection of mammalian cells. 

10 [0111] Reporter constructs were all derived from pBLcat2 and have been previously described (Zamanian and La 
Thangue, 1992). Open and solid boxes denote wild-type and mutant E2F binding sites, respectively. The plasmid pDP- 
173-340 encodes a protein spanning amino acids 73 to 340 in the wild-type DP-1 sequence fused downstream of the 
Gal4 sequences in pG4Mpolyll (Webster et a/., 1989). pCMV E2F-1 has been previous described as pCMV RBAP-1 
(Kaelin et al, 1982). Cultivation of F9 EC cells and their transfection have been previously described (Zamanian and 

is La Thangue, 1992). For each transfection, pBluescript KS was included to maintain the final DNA concentration con- 
stant. All transfections included an internal control pCMV |i-gal. The assay for CAT activity and quantitation of TLC 
plates have been described previously (Zamanian and La Thangue, 1 992). 
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Detailed description of the drawings. 
Figure 6 

DP-1 and E2F-1 exist in the same protein complex in vivo. 

25 [0112] 

a) DP-1 is in DRTF1/E2F DNA binding complexes formed in HeLa cell extracts: gel retardation was performed 
using F9 EC and HeLa whole cell extracts (in which DRTF1 resolves as three distinct complexes, a, b, and c; 
indicated in figure) with the E2F binding site taken from the adenovirus E2A promoter (nucleotides -71 to-50) in 
the presence of either preimmune (PI; tracks 2 and 6) or immune (I; tracks 3 to 5 and 7 to 9) anti-DP-1 (peptide 
A) antiserum with the addition of either unrelated peptide 1 (tracks 4 and 8) or peptide A (tracks 5 and 9). In both 
F9 EC and HeLa cell extracts, all the DRTF1/E2F DNA binding complexes were affected by the anti-DP-1 antibody 
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b) Anti-DP-1 immunoprecipitates DRTF1/E2F DNA binding activity: immunoprecipitation was performed from HeLa 
cell extracts with anti-DP-1 in the presence of either homologous peptide A (tracks 2 to 4) or unrelated peptide 1 
(tracks 5 to 7) The immunoprecipitates were treated with 1% deoxycholate (DOC) and 1 .5% NP40, and the de- 
tergent-released material assayed for DRTF1/E2F DNA binding activity; the depleted HeLa cell extract is also 
indicated (Sn; tracks 2 and 5). No DNA binding activity was released in the absence of detergent (indicated by c; 
tracks 3 and 6). 



c) Immunoblotting DP-1 immunoprecipitates with anti-E2F-1: anti-DP-1 immunoprecipitates performed in the pres- 
ence of either peptide A (track 3) or peptide 1 (track 4) were immunoblotted with the anti-E2F-1 monoclonal antibody 
SQ41; the E2F-1 polypeptide, present in track 4, is indicated by the arrow. As a positive control, about 100ng of 
the E2F-1 fusion protein, GST-E2F-1 89 " 437 , was immunoblotted in track 2 . Track 1 shows standard molecular 
45 weights. 

Figure 7 

DP-1 and E2F-1 bind to the E2F site as a complex. 
[0113] 

a) DP-1 and E2F-1 interact synergist ically in DNA binding to the E2F site: GST-DP-1 59-410 (about 25ng) or GST- 
E2F-1 8^37 ( aD0Ut 50ng) WGfe assayed either alone (tracks 2, 3, 6 and 7) or together (tracks 4 and 8) for binding 
to the adenovirus E2A promoter (tracks 1 to 4) or the distal E2F site taken from the E2A promoter (tracks 5 to 8); 
tracks 1 and 5 show the binding sites alone. Note that a DNA binding complex was apparent in track 6 upon 
increased exposure (data not shown). The E2F site-specificity of the complexes was confirmed by performing the 
appropriate competition experiments (data not shown). The effect of anti-E2F-1 (tracks 9 and 10) or anti-DP-1 
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container an ungate. ^^S^^SSTS^^^ll - « 

thrombin; tracks 2 and 3), GST-DP-l^ GST-DP SSm VcT™^1 IIP" 9 ' released af,er c,eav age with 
without cleavage; tracks 4. 5, 6 and 7). ' GST DP ' 1 ^ ^T-DP-V^ or GS T-DP-184-166 (aboul ^ 

'° c) Sequence specificity of the E2F-1 89-437/^ 84-249 heteromer . mo nMA 

formed by either GST-E2F-ie<M37 (50ng . trac( J , " e ' erc ™ r _*' • JNA^ sequence specificity of complexes 
respectively; tracks 7 to 111 was dat^m^K ? GST-E2F-189-.37 with DP . 18 4.249 (50ng and ^ 

E2F site from the adenov Ji^SSS£SS2 ^ ^ ""^ " * S 

P^.asimiterexperimen^^^^ 

bjndtng complexes had very similar sequence specSsTc F9 EC Hin^S^T a " dheteronwfe D ™ 
alone. Deta.ls o, the competing bindinglites ^iSSTSrSiiS^StiSISE^^ ^ 1 ^ Pr0be 

?r a r 3 rs?a^ -r s of ^ were expressed - ^ ««— 

GST fusion proteins, or GST proteint^ne a p : e,ICUl0CV,e * sate conta ™9 translated wild-type E2F-1 1 "* 37 . 
E2F-1 polypeptide released C k shows ££2 e *,h £ ""J 9 ,U,athio -*9arose beads and bound 

E2F-1 . OWS ,he lysa,e w,th ,he E2F "1 polypeptide. Note that DP-1 '46-249 binds |Q 

e) Summary of the data and molecular properties oinpi T h.r>, 
Figure 8 

DP-1 and E2F-1 interact in yeast cells. 

[0114] summary of resu«s. Detaife of the expression vectors and reporter construct are described above. 
Figure 9 
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* Functional synergy between DP-1 and E2F-1 In Drosophlla SL2 cells 
[0115] 

expressed relative to P 3xWT atone which was ofc£ in TJ1 ? M9 ( a " 6 8) fof P G4M P o| V »• AH values are 
Figure 10 

DP-1 contributes to E2F site dependent transcription in F9 EC cells. 
[0116] 

a) Summary of constructs 

- '^PHc;^ «P~- v-tors. A„ treatments were performed 

alone whteh was g*en an 1«^™« TZ HT" eXPreSS * d rela,iVe ,0 ,he activi,v * P3*WT 
Note tha, DP-i73-340 cripples , he ZS^^^^^^T 

are represented graphically at the bottom of the figure 030 r6SCUe ,Ns ^ The dala 
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Figure 11 

DP-1 and E2F-1 activate E2F site-dependent transcription in yeast cells. 
5 [0117] 

a) Summary of constructs. 

b) p-galactosidase activity was measured in S.cerevtsiae strain W3031a carrying p4xWT CYC1 and the indicated 
effector expression vector. All values are expressed relative to the activity of p4xWT CYC1 which was given an 

10 arbitrary value of 1 .0 and are representative of at least three separate experiments. 
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SEQUENCE LISTING 



(1) GENERAL INFORMATION : 



(1) APPLICANT: 

10 (A) NAME: Medical Research Council 

(B) STREET % 20 Park Crescent 

(C) CITYs London 

(D) STATE: I»ondon 

(E) COUNTRY: United Kingdom 
(P> POSTAL CODE (ZXP) : WIN 4AL 

75 (ii) TITLE OP INVENTION: Transcription Pactor 

(lii) NUMBER OF SEQUENCES: 2 

(iv) CO MPU T ER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 
20 (B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM: PC-DOS /MS-DOS 

(D) SOFTWARE: Patentln Release tfl.o. Version #1.25 <BPO) 

(2) INFORMATION FOR SEQ ID NO: 1: 

25 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1700 base pairs 

(B) TYPE: nucleic acid 

(C) 6TRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: CDNA 

30 

<ix) FEATURE: 

(A) NAME/KEY; CDS 

(B) LOCATION: 55.. 1284 

35 (xl) SEQUENCE DESCRIPTION: SEQ ID KOi It 

GTTTCTTCTG TGGAGGGTAC CCAGTTAAAG CCTTGATTTC CTGGATCTGG TAAC ATC 57 

Met 
1 

40 GCA AAA GAT OCC ACT CTA ATT GAA GCC AAC GGA GAA CTA AAG GTC TTT 105 

Ala Lys Asp Ala Ser Leu lie Glu Ala Asn Gly Glu Leu Lya Val Pbe 
5 10 is • 

ATA CAC CAG AAT CTT ACT CCT GGG AAA OCT GTC GTA TCT CTT GTA GCC 153 
He Asp Gin Asn Leu Ser Pro Gly Lys Gly Val Val Ser Leu Val Ala 
20 25 30 

45 

GTC CAC CCG TCC ACA GTC AAC ACA CTT GGG AAG CAG CTT TTO CCA AAA 201 
Val His Pro Ser Tar Val Asn Thr Leu Gly Lys Gin Leu Leu Pro 1/vc 
35 40 45 

ACC TTC GGA CAG TCC AAT GTC AAT ATC ACA CAG CAA GTC GTG ATT GGC 249 
Thr Phe Gly Gin Ser Asn Val Asn He Thr Gin Gin Val Val He Gly 
50 50 S5 CO 65 

ACO CCT CAG AGA CCG GCA GCA TCC AAC ACT ATT GTG GTA GGA AGC CCA 297 

Thr Pro Gin Arg Pro Ala Ala Ser Asn Tor He Val Val Gly Ser Pro 

70 75 SO 

ss CAC ACT CCC AAC ACG CAT TTT GTG TCA CAG AAC CAG ACG TCT GAC TCC 345 

Hia Thr Fro Asn Thr Bis Phe Val Ser Gin Asn Gin Thr ser Asp Scr 
BS 90 9S 
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75 



20 



25 



30 



35 



40 



46 



SO 



ss 



I~ £5* 5°° I" ?F G ? G AAG CG6 AAC AGO MQ OOC GAG JAG AAT GGC 
° TSS fier M * ° ly hy * ********* Lys Gly SlS ™ £n 

AWW 105 xiO 

AAG GGC CTG CGG CAT TTC TCC ATC AAO GTC TOT GAG AAG GTG CAG ACC 
I*» Gly fu Arg His Phe fier Met Lys V.l Cyo Glu S« 5l SS iSS 

120 125 

Lvb a?u "n!^ «pk^ ?^ AAT GAC CTO CCI GAC OAO CTO GTG CCA GAG 

Ly. Qly Thr Thr fier Tyr Aim Glu V.1 Al. Asp Glu Leu V.1 Ala SS 

140 145 

Sff ?5T Sf 0 ?* C ** C <»C ATT CTA CCA AAC CAA TCA CCT TAT GAC 
Ph. ser Al. Al. Aep A.n Mi. u e Leu Pro Asn Olu fier All Tyr SS 
iSW xss leo 

£* C P 30 000 00X1 6X0 TAC CAT CCC TTA AAT GTG CTA ATG 

Gin Lye Asn II a Arg Arg Arg Val Tyr Asp Al. Leu Asn vll Su mI? 
*" 170 X75 

1 mI? WATCTCCAAGGAGAAG AAO GAG ATC AAA TGG ATC GGC 

«S 11C I1C Ser LyC Glu JVg T*P X™ Ol£ 

^ 55° 2*° 7* ?F CAG GAG TGC CAG AAC TTA GAG GTG GAG AGG 

Leu Pro Thr Asn Ser Ala Gin Glu Cys Gin Asn Leu Glu Val Glu Atq 
15,5 200 20S 



CAG AGG 
Gin Arg 
2X0 

CTC ATC 
Leu lie 



CAA GCT 
Gin Ala 



AGG CTC GAG AGG ATC AAA CAG AAG CAG TCT CAG CTC CAG GAG 
Arg Leu Olu Arg He Lys Gin Lys Gin fier Gin Leu ci^ oh 
15 220 225 

CTG CAG CAA ATT GCC TTC AAC AAC TTC GTG CAG AGA AAT CCC 
Leu Gin Gin He Ala Phe Lyo Asn Leu Val Si £rg J£J 

GAG CAG CAG GCC CGC AGG CCG CCT CCT CCC AAC tpt r~n~ 
Glu Glu Gin Al. Arg Arg Pro Pro PrI PrS ES I" S£ 

250 255 

CAC TTC CCC TTC ATC ATT GTC AAC ACC AGC AGG AAO ACA GTC ATT oar- 

*« u |f ° Pbe Ile »• Val Thr fier Arg Lye Tte Val SE £f 

" w 265 *^ 

cS SSr SKIS £1 f* C f** ?F BAG TAT" CTG TXT AAC TXT GAC AAC 
Cya fier He fier Aea Aep Ly. Phe Glu Tyr Leu Phe An Phe Aep aSS 

ACG TTT GAG ATC CAC GAT GAC ATT GAG GTG CTC AAG CGC »lr -nrn »,v. 
Thr Phe Glu lie Hi. Ag A.p IX. C iu v.l SS S£ ffi G?J & 

300 305 

OCA TGT GGG CTG GAG TCT GGC AAC TGC TCT GCT GAA GAC CTC Aa« r*m 
Ala Cys Gly Leu Glu Ser Gly Asn Cys Ser Ala Glu Asp Leu Lys Val 

315 320 

GCC AGA AOT TTC OTA CCA AAA GCT CTA GAA CCA TAC GTG AC* e** anv, 
Ala Arg Ser Leu Val Fro Lys Ala Leu Glu ™ S fi g! He? 

330 335 

OCT CAG GGA TCC ATT OCT OGC OTA TTC CTC ACO ACA ACA CCT TCT *f>a 
Al. Gin Gly fier He Oly Gly v.l Phe Val Thr Thr Thr Oly Eer Thr 

345 350 



3S3 



441 



469 



537 



585 



633 



661 



725 



777 



825 



873 



521 



969 



1017 



1065 



1113 



1161 
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GGG ATG CTG GCC ACG AGC TCC AAT GGG TCT CAO TAC AGC GGC TCC AGG 1209 
Gly Met Leu Ala Thr Ber Ser Asn Gly ser Gin Tyr Ser Gly Ser Arg 
370 375 380 385 

GTC GAG ACC CCT GTG TCC TAC GTT GGG GAG GAT GAT GAC GAC GAT GAT 125? 
Val Glu Thr Pro Val Ser Tyr Val Gly Glu Asp Asp Asp Asp Asp Asp 
390 395 400 

GAC TTT AAT GAG AAC GAC GAG GAG GAT TGATTACTCA ACCCGTAGAC 1304 
Asp Phe Asn Glu Asn Asp Glu Glu Asp 
405 410 

CCCTCTCCCC TTCGAATCAG CTTCAGGAAA AACACCTATA GAGGAAAOAA ACTTAAAGTC 1364 

GGGCTTrCTO TTCTTTTTOO CCTACTCCCA AGAAGATACC CGCGAGTTCT GGAGTTGAGT 1424 

GTGCAGCTCC AAGTGAGGAG GAGTGTGCGC A GTT T G AGCC TAGCTGCGGA TGTGTTOTOA 1484 

AGCCAGCGTG CTAATGCAGA GCCTCTATCT ACCTTTTAGO ATTTTATGOT TTCTCTCTTT 1544 

TCTCTCTTTT TTTTCCTTTT CTTTCTTTTT TGAGTTTGAA GCTTATTTTG CCCCTCAACA 1604 

GTTGTTGCTG GGTTTGCCGA GGAAACTGTA CTGCGCCCAC ACCAGTGACA ATGAGAAAGT 1664 

GCTGCCCTGC CTCCGATGTC CAGCACCCAG GTGGTG 1700 

(2) INFORMATION FOR SEQ ZD NO: 2s 

(1) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 410 amino adds 

(B) TYPE i amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

30 (xi) SEQUENCE DESCRIPTION: SEQ ID. NO: 2s 

Met Ala Lys Asp Ala Ser Leu lie Glu Ala Asn Gly Glu Leu Lys Val 
1 '5 10 15 

Phe Ha Asp Gin Asn Leu Ser Pro Gly Lys Gly Val Val Ser Leu Val 
35 30 25 30 

Ala Val Bis Pro Ser Thr Val Asn Thr Leu Gly Lys Gin Leu Leu Pro 
35 40 45 



Lys Thr Phe Gly Gin Ser Asn Val Asn lie Thr Gin Gin Val Val lie 
50 55 £0 

Gly Thr Pro Gin Arg Pro Ala Ala Ser Asn Thr Zle Val Val Gly Ser 
65 70 75 SO 

Pro His Thr Pro Asn Thr His Phe Val Ser Gin Asn Gin Thr Ser Asp 
85 90 95 

Ser Ser Pro Trp Ser Ala Gly Lys Arg Asn Arg Lys Gly Glu Lys Asn 
100 105 110 

Gly Lys Gly Leu Arg His Phe Ser Met Lys Val Cys Glu Lys Val Gin 
115 120 125 

Arg Lys Gly Thr Thr Ser Tyr Asn Glu Val Ala Asp Glu Leu Val Ala 
130 135 140 

Glu Phe Ser Ala Ala Asp Asn His lie Leu Pro Asn Glu Ser Ala Tyr 
145 150 155 160 

Asp Gin Lys Asn He Arg Arg Arg Val Tyr Asp Ala Leu Asn Val Leu 
165 170 X75 
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20 



25 



30 



35 



Met Ala net Asn He He Ser Lya ciu Lys Vya Glu lie Lys Trp lie 
"° IBS 190 

Oly Leu Pro Thr Asn Ser Ala Gin Clu Cys Gin Asn Leu Glu Val Glu 
" 3 200 205 

Arg Gin Arg Arg Leu Clu Arg He Ly* Oln Ly* Gin Ser Gin Leu Gin 
v 215 220 

Glu Leu He Leu Gin Gin He Ala Phe Lys Asn Leu Val Gin Arg Aim 
330 23 5 240 

Arg Gin Ala Glu Oln Gin Ala Arg Arg Pro Pro Pro Pro Asn Ser Val 
245 250 

He His Leu pro Phe He He v.l An Thr Ser Arg Lye Thr Vei He 
360 265 270 

A«P Cya ser lie Ser Asa Asp Ly. Phe olu Tyr Leu Phe Aan Phe Asp 
* 75 280 285 

A«. Thr Phe Olu He Hie Asp Asp 11. clu v.l Leu Lye Arg Met Oly 

Met Ala cys oly Leu Olu Ser Oly Asa Cys Ser Ala Glu Asp Leu Lye 
310 sis 320 

V.1 Ala Arg Ser leu Val Pro Lys Ala Leu Glu Pro Tyr Val Thr Glu 
325 330 335 

Met Ala cia Gly ser lie Oly Gly Val Phe Val Thr Thr Thr Gly ser 
* €0 345 350 

Thr Ser Asa Gly Thr Arg Leu Ser Ala Ser Asp Leu Ser Asa Oly Ala 
J " 360 

Asp Gly Met Leu Ala Thr Ser ser Asn Gly 6er Gla Tyr Ser Gly ser 

J7S 300 

Arg val Glu Thr Pro Val Ser Tyr Val Gly Glu Asp Asp Asp Asp Asp 

"° 335 400 

Asp Asp Phe Asn Glu Asn Asp Glu Glu Asn 
«5 410 



40 Claims 



45 



SO 



55 



(a) the protein of Seq. ID No. 2; or 

(b) an allelic variant or species homologue thereof; or 

(c) is protein capable of forming a complex with the E2F-1 protein which is at least 70% homolooous to fal 
over a region of at least 30 contiguous amino acids nomoiogous to (a) 

memoe a r?or en, " ^ ^ °' W ,0 <C> CaPat> ' e °' ,0rmin9 3 C ° mp,ex wi,h ,he E2F ' 1 •«**• or related family 
(e) a fragment of any one of (a) to (c) of at least 15 amino acids. 

2. A polypeptide according to claim 1 prepared by recombinant expression. 

3. A polypeptide according to claim 1 or 2 which carries a revealing label and/or is fixed to a solid phase. 

4. A composition comprising a polypeptide according to claim 1 . 2 or 3 together with a carrier or a diluent. 
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5. A polynucleotide in substantially isolated form which comprises a contiguous sequence of nucleotides which is 
capable of selectively hybridizing to Seq. ID No.1 or to the complement of Seq ID No.1 or encodes a polypeptide 
according to claim 1. 

5 6. A polynucleotide according to claim 5 which is a DNA polynucleotide and/or wherein the contiguous sequence 
comprises at least 20 nucleotides 

7. A polynucleotide according to claim 6 which comprises Seq. ID No.1 . 

io a A double stranded polynucleotide comprising a polynucleotide according to any of claims 5 to 7 and its complement. 

9. A polynucelolide according to any of claims 5 to 8 carrying a revealing label. 

10. A recombinant replicable vector which comprises a polynucleotide according to any one of claims 5 to 9. 

11. A host cell comprising a vector according to claim 7. 

12. A host cell transformed by a recombinant vector according to claim 10 wherein the coding sequence is operably 
linked to a control sequence capable of providing for the expression of the coding sequence by the host cell. 

20 

13. A process for preparing a polypeptide according to claim 1 which comprises cultivating a host cell according to 
claim 12 under conditions to provide for expression by the recombinant vector of the coding sequence, and recov- 
ering the expressed polypeptide. 

25 14. An antibody capable of binding a polypeptide as defined in claim 1 . 

15. An antibody according to claim 14 which is a monoclonal antibody and/or carries a revealing label. 

16. An antibody according to claim 1 4 or 1 5 fixed to a solid phase. 

30 

17. A hybridoma cell line which produces a monoclonal antibody according to claim 1 5. 

18. An immunoassay for detecting the presence or absence of a polypeptide according to claim 1 in a sample which 
comprises: 

35 

(a) providing an antibody according to any one of claims 14 to 16; 

(b) incubating the sample with said antibody under conditions that allow for the formation of an antibody- 
antigen complex; and 

(c) detecting said antibody-antigen complex. 

40 

19. A polypeptide according to claim 1 , an antibody according to any of claims 14 to 16, or a vector according to claim 
10 for use in a method of treatment of the human or animal body. 

20. The use of a polynucleotide according to any of claims 5 to 9, or a vector according to claim 8 or 15, in the man- 
45 ufacture of a medicament for treating uncontrolled proliferation ol cells. 

21. A polypeptide fragment of Seq. ID No.2 which comprises amino acids 160-220 of Seq. ID No.2 or a fragment 
thereof of at least 15 amino acids. 

50 
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Fig.7(e). 
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